Objective: The purpose of this study was to quantify the magnitude of interaction between the right and left ventricles in conditions of heart failure. Methods: Human hearts were taken from transplant recipients diagnosed with dilated cardiomyopathy at the time of transplantation and were restored to beating condition with use of an isolated perfusion circuit. as alteration in ventricular configuration caused by volume changes in the contralateral ventricle transmitted through the interventricular septum. 7 These effects are largely inhibitory to the function of the affected ventricle. In contrast, systolic effects have been noted to be predominantly contributory to function. Early studies on systolic ventricular interaction demonstrated that destruction or replacement of the RV had little effect on RV pump function, aq4 Bakos I1 hypothesized that RV function is maintained by contribution of the LV. Subsequent studies have demonstrated that both ventricles augment function of the contralateral ventricle to some degree.2, 5, 6, 15 Several investigators, using in vivo and isolated heart preparations, have attempted to quantify the magnitude of systolic ventricular interaction in normal hearts in terms of pressure gain. 16q8 This work has been limited to animal models. Attempts have also been made to charac-1091
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eterminants, mechanisms, and the magnitude of interaction between the right (RV) and left ventricles (LV) have been the subject of considerable study since first commented on by Bernheim I in 1910. 2-6 Ventricular interactions are commonly divided into diastolic and systolic components. Diastolic ventricular interaction has been characterized as alteration in ventricular configuration caused by volume changes in the contralateral ventricle transmitted through the interventricular septum. 7 These effects are largely inhibitory to the function of the affected ventricle. In contrast, systolic effects have been noted to be predominantly contributory to function. Early studies on systolic ventricular interaction demonstrated that destruction or replacement of the RV had little effect on RV pump function, aq4 Bakos I1 hypothesized that RV function is maintained by contribution of the LV. Subsequent studies have demonstrated that both ventricles augment function of the contralateral ventricle to some degree.2, 5, 6, 15 Several investigators, using in vivo and isolated heart preparations, have attempted to quantify the magnitude of systolic ventricular interaction in normal hearts in terms of pressure gain. 16q8 This work has been limited to animal models. Attempts have also been made to charac- terize ventricular interaction in various disease states with the use of similar modelsJ [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] To determine the magnitude of ventricular interaction in conditions of heart failure, four human hearts were obtained at the time of transplantation from patients with dilated cardiomyopathy (DCM). With the use of a previously described isolated perfusion circuit 22' 23 we restored these hearts to a beating condition and performed measurements of ventricular interaction. In addition, two hearts with normal function, but not suitable for transplantation, were obtained and served as control hearts.
Methods
We have previously described the restoration of explanted human hearts to a beating condition and demonstrated the stability of this preparation for hemodynamic studies. 22 Organ procurement and preparation. Hearts with DCM were obtained from participants in the cardiac transplant program at the Columbia-Presbyterian Medical Center. All patients underwent standard evaluation before acceptance into the program, including detailed demographic profile, echocardiography or gated blood pool scan, and cardiac catheterization. Control hearts were obtained from organ donors ineligible for cardiac donation because of age constraints only (age >65 years). Preharvest Cardiac function was determined by transthoracic echocardiography and judged to be normal. This study was done with the approval of our Institutional Review Board.
Patients with DCM (n -4) were operated on for the purpose of orthotopic cardiac transplantation. Patients were anesthetized, and cardiopulmonary bypass was established in standard fashion. Hearts were arrested with a 10 ml/kg dose of 4:1 blood/crystalloid (120 mg KC1, 12.5 gm mannitol, HCO3) cardioplegicsolution administered through an aortic cannula after application of the aortic crossclamp. Hearts were explanted with the majority of atrial tissue and ascending aorta left in situ. The hearts were cooled to 4 ° C by immediate immersion in an iced saline solution bath in the operating room to minimize warm ischemic time. All subsequent preparation was done with the heart in this bath.
Techniques previously described were used to prepare the hearts. ='23 Chordae tendineae were left intact. Oblong-shaped brass rings were sutured to the mitral and tricuspid annuli. Once positioned these rings blocked both the LV and RV outflow tracts. These rings were fitted with cuffs that positioned the heart on a volume servo system (discussed later). Size 14F and 12F DeBakey coronary perfusion cannulas (C. R. Bard Inc., Tewksbury, Mass.) were inserted into the right and left coronary ostia, respectively. A Gundry retrograde coronary sinus perfusion catheter (DLP, Grand Rapids, Mich.) was inserted into the coronary sinus and the balloon inflated. The heart was then transported to the laboratory in the water bath.
Control hearts (n = 2) were harvested from organ donors with the use of previously published techniques. 24
Hearts were arrested with University of Wisconsin solution and transported to the lab in a 4°C University of Wisconsin solution bath. Hearts were then instrumented and prepared as described above.
Perfusion system. The perfusion circuit was an open system similar to that previously described an6 is illustrated in Fig. 1.22 The system consisted of a COBE Ultra CMV membrane oxygenator with cardiotomy reservoir containing a 30 ~,m filter (COBE. Arvada. Colo.), a circulating water bath. a hollow fiber dialysis tubing cartridge (COBE), a roller head pump (Sarns. Ann Arbor. Mich.I, an in-line CDI pH and temperature meter (Sarns), and i/4-inch and 1/5-inch connective tubing. The total circuit volume was 600 ml.
Coronary venous blood drained spontaneously through the coronary sinus catheter and thebesian flow drained through stab wounds in the RV and LV. all of which was collected in a large funnel and directed to the cardiotomy reservoir where it was warmed by an internal heating element via the water bath. The blood was then drawn from the reservoir by the roller head pump and passed through the dialysis cartridge on its return to the membrane oxygenator. This oxygenated blood was pumped to the cannulas in the coronary arteries or coronary sinus.
The system was primed with 750 ml Dianeal low calcium (2.5 rag/L) peritoneal dialysis solution with 1.5% dextrose (Baxter. Deerfield. Ill.) and debubbled. To the prime was added 2 units of recently outdated, typespecific, noncrossmatched packed red blood cells. The red blood cells were washed to remove excess potassium and citrate by being mixed with 250 ml normal saline solution and centrifuged at 4400 rpm for 5 minutes and then decanted. Two hundred units of heparin and 300 mg of calcium gluconate were added to each unit of packed cells. An additional 1000 units of heparin was added to the circuit. The prime was recirculated through the system against a heated water bath and the perfusate allowed to come to 37 ° C Before the heart was reperfused corrective measures were required to adjust the potassium concentration, pH. and calcium concentration of the perfusate to make the solution physiologic. The perfusate was dialyzed against the same dialysis fluid used in the prime supplemented with 600 mg of calcium gluconate. Initially no potassium was added to the system and the perfusate was dialyzed to a potassium concentration of less than 1.5 mEq ml. Once this low potassium concentration was achieved approximately 2 mEq of potassium was added directly to the prime and an additional 2 mEq/L of potassium was added to the dialysate. This resulted in a potassium concentration of 3.5 to 4.5 mEqjL in the perfusate, which was maintained throughout the experiment, Initial pH measurements were acidotic (pH 6.5) because of the composition of the dialysis fluid and stored blood. This was corrected and the pH maintained by the addition of approximately 50 mEq sodium bicarbonate directly to the perfusate. Similarly, calcium gluconate was added to the dialysate to maintain an ionized calcium level of approximately 0,9 mEq, L. Electrolyte and pH values were monitored throughout the experiment with use of a Nova Star Profile 5 instrument (Nova Biomedical Inc.. Waltham. Mass.) and the in-line CDI monitor. Activated clotting time determinations just before reperfusion were greater than 200 seconds and remained at this level for the duration of the experiment. The perfusate was oxygenated through the membrane oxygenator with an admixture of compressed air and carbogen (95% oxygen, 5% carbon dioxide). The sweep gas and percent carbogen were adjusted to maintain a carbon dioxide tension of 30 to 34 torr. The hemoglobin oxygen saturation was 100% throughout the experiment as determined by periodic blood gas determinations.
The apparatus as just described was prepared in the physiology laboratory before explantation of the heart. When the heart was brought to the laboratory all blood parameters had been Corrected and were within physiologic range. In this manner, the heart could be reperfused immediately on its arrival to minimize ischemic time.
Servo system. After surgical preparation, hearts were connected to RV and LV volume servo control systems. Details of their design have been reported previouslyY ' 26 In brief, motor-driven piston pumps regulate the volume of a balloon placed within each ventricular chamber (Fig.  1) . The mitral and triscuspid rings serve to confine the balloon within the respective ventricular chamber. This system therefore provides the means to measure and control ventricular volume. In addition, a micromanometer sensor inside each balloon is used to measure intraVentricular pressure. Both RV and LV volume servo systems are controlled by a computer, which is programme d either to impose physiologic ejection and filling flow patterns or to constrain the ventricles to contract isovolumetrically as required by the protocol. Details of the design of this computer-controlled system are similar to those described previously. 27' 2s Reperfusion. The heart was initially reperfused in retrograde fashion via the coronary sinus catheter to remove air from the coronary arteries. After a short time retrograde perfusion was stopped, the coronary sinus balloon was deflated and opened to air, and antegrade flow was initiated. Several hearts fibrillated initially on rewarming and required electric cardioversion with ventricular pacing. These hearts restarted after one 30-joule shock only.
All hearts were paced via pacing wires inserted into the LV apex. Temperature was maintained between 35 ° and 37 ° C by use of a circulating water bath and was monitored by both an epicardial surface probe and the in-line CDI temperature monitor. Time from explantation to the return to beating condition was approximately 40 minutes in all cases.
Protocol. Hearts were restored to a beating condition. RV volume was fixed to provide an RV end-diastolic pressure of 20 mm Hg. LV volume was ramped from a volume that provided an LV end-diastolic pressure of 30 mm Hg to a volume that provided an LV end-diastolic pressure of 0 mm Hg. Pressure was simultaneously measured in both the RV and LV during the volume ramp.
Developed pressure values were determined by subtracting end-diastolic pressure from peak systolic pressure for each beat during the volume ramp. RV developed pressure was plotted against LV developed pressure for the entire LV volume ramp. Linear regression was used to characterize the relationship between RV and LV developed pressures. The slope of the resulting line defined the magnitude of left-to-right ventricular interaction (LV-RVI). This slope quantifies the pressure gain in the RV caused by an increase in pressure in the LV. The analogous, opposite procedure was used to determine RV-LVI.
In two hearts (1 normal, 1 DCMI, epinephrine (1 rag) was administered to the perfusate m study the effects of inotropes on LV-RVI.
Data were digitized in real time at a speed of 200 Hz by an analog-digital converter (MacLab/8. mode) Mac Lab MkIII. ADInstruments. Ply Ltd.. Australia), filtered with a 50 Hz low-pass filter, and recorded by a Macintosh IIcx computer (Apple Computers Inc.. Cupertino. Calif.). Blood gas determinations were done with a Nova Stat 3 Profile instrument.
Results
Representative data that demonstrate the effect of ramping LV volume on RV pressure in a heart with DCM are shown in Fig. 2 .
The slope of the RV pressure versus LV pressure plot defines LV-RVL LV-RVI ranged from 0.18 to 0.26 in the hearts with DCM. Mean LV-RVI was 0.22 + 0.03 (standard deviation) for the hearts with DCM. LV-RVI was 0.04 and 0.08 in the contrOl hearts (mean 0.06 --0.03). LV-RVI is plotted for each heart in Fig. 3 .
Similarly, RV-LVI is defined by the slope of the plot LV pressure versus RV pressure. RV-LVI ranged from 0.07 to 0.29 in the hearts with DCM (mean 0.14 ± 0.1). RV-LVI was 0.15 and 0.02 in the control hearts (mean 0.09 ± 0.1). The RV-LVI for each heart is plotted in Fig. 4 .
The effect of inotropes on LV-RVI was studied by adding epinephrine to the perfusate for two hearts (1 normal, 1 DCM). In the normal heart LV-RVI was 0.041 without epinephrine and 0.047 with epi- nephrine. In the heart with DCM LV-RVI was 0.26 without epinephrine and 0.15 with epinephrine. LV-RVI is plotted for both hearts in Fig. 5 .
Discussion
The ventricles of the heart interact as two pumps in series through the pulmonary and systemic circulations. Muscle fibers common to both ventricular free walls and a shared distensible septum make up the anatomic basis for mechanical interaction between the ventricles not directly related to their in-series configuration. 29 The effects of this interaction on pump function are noted to be different in diastole than in systole. In diastole the sum total of mechanical ventricular interaction is thought to be inhibitory to pump function. Distention in one ventricle causes septal shift in the opposite direction, which has a negative impact on diastolic filling in the contralateral ventricle.5, 4, 15, 18, 30 Conversely, the overall el- fects of systolic ventricular interaction have been shown to be contributory to pump function. Previously, investigators have attempted to quantify the magnitude of systolic ventricular interaction. This work has been done solely in animal models with both in vivo and isolated heart preparations. The majority of these studies measured pressure in one ventricle at constant volume while abruptly varying volume in the contralateral ventricle. Pressure gain was then determined by plotting the change in pressure in the volume-constant ventricle over the change in pressure in the volume-varied ventricle. Maughan, Sunagawa, and Sagawa 16 first suggested that there would be a directional dependence of ventricular interaction and used a threecompartment volume elastance model to predict that RV-LVI would be greater than LV-RVI. The model prediction was confirmed by actual measurement. 16 The theoretic basis for this model is that ventricular interaction is dependent on the elastances of the two ventricular free walls and the interventricular septum. 16 Normal canine hearts in an isolated preparation were used to determine an LV-RVI value of 0.08 and an RV-LVI value of 17 Yamaguchi and coworkers 17 also importantly noted that although RV-LVI is greater than LV-RVI in magnitude, when taken as percent contribution to pressure generation LV-RVI is much more important to RV pressure generation (20% to 40%) than RV-LVI is to LV pressure generation (4% to 11%). 27 Woodard, Chow, and Farrar 18 confirmed the findings of Yamaguchi and coworkers 17 of a varying magnitude of ventricular interaction through systole and in an openchest porcine model determined a mean LV-RVI value of 0.054. This study also showed that, in addition to decreased RV pressure, RV stroke volume and stroke work were diminished as a result of LV-RVI) 8 A summary of previously published values of LV-RVI and RV-LVI is presented in Table I . The three-component elastance model of Maughan, Sunagawa, and Sagawa ~6 suggests that changing elastance, particularly in the septum, has an impact on the magnitude of ventricular interaction) 6 This concept was supported by Santamore and Burkhoff 31 who incorporated it into a computer model of ventricular interdependence in which elastance could be varied. This model was used to demonstrate that when septal elastance is extremely low (that is, thin-walled septum) LV-RVI is increased, whereas when septal elastance is high (that is, thick-walled septum) LV-RVI is negligible. 31 Little, Badke, and O'Rourke ~9 have previously shown in long-term dog studies that diastolic ventricular interaction is diminished in the presence of interventricular septal hypertrophy induced by RV pressure overload. Most recently Farrar, Woodard, and Chow 2~ have used a previously validated model of pacing-induced biventricular failure in open-chest pigs to study systolic interventricular interaction in disease states. In this study LV-RVI measured in control animals (LV-RVI = 0.040) was comparable to that in their own previous work la and the work of others)6, 17 In the animals with heart failure, however, LV-RVI was increased (LV-RVI = 0.103) dramatically to 2.5 times that of normal animals. 21 Farrar, Woodard, and Chow 21 accept the Santamore and Burkhoff 31 model and conclude that decreased septal elastance, caused by dilated cardiomyopathy, results in the observed increase in LV-RVI.
In the present study we used human hearts for the first time to evaluate systolic ventricular interaction in both healthy and diseased states. Hearts with DCM were obtained from participants in the cardiac transplant program at the time of transplantation. Control hearts were obtained from organ donors with normal cardiac function ineligible for cardiac donation because of age constraints only. We used an isolated blood-perfused model that we recently described.22, 23 Similar to previous studies we defined the magnitude of systolic ventricular interaction by the ratio of pressure change in the volume-constant ventricle to pressure change in the volume-varied ventricle. In the control hearts we observed a mean LV-RVI of 0.06 and a mean RV-LVI of 0.09. These figures are in accordance with previously published values for animal-derived data (Table I ). In the hearts with DCM we observed a mean LV-RVI of 0.22 _+ 0.03, a threefold increase over LV-RVI values in the normal heart. This is consistent with the findings of Farrar, Woodard, and Chow 2~ in dilated porcine hearts. Our observed value for RV-LVI in normal hearts is also consistent with previously published values (Table I) . No previously published values exist for RV-LVI in diseased hearts. In the hearts with DCM mean RV-LVI was 0.14 _+ 0.0.1, which represents a 1.5-times increase over RV-LVI values in normal hearts. There are several limitations to the current study. Because of the difficulty in obtaining both normal and diseased human hearts the number of hearts studied is suboptimal. Although systolic ventricular interaction has been shown to vary throughout the systolic cycle 17' is, 21 our measurements were made at one time only. In addition, by using a linear regression analysis to define the magnitude of ventricular interaction we have assumed that the interaction relationship is linear over a range of volumes, which may not be the case. The absence of pericardium has been shown to diminish ventricular interaction in both diastole and systole32-36; however, in a more recent study it was shown that the presence of pericardium increases diastolic but not systolic interactions. 37 The absence of pericardium was not accounted for in our studies. Lastly, use of an isolated heart model may have an adverse impact on the geometry of the heart causing subtle changes in function inherent in our experiments.
In the present study we used normal and abnormal human hearts in an isolated perfusion model to study systolic ventricular interaction. We conclude that previously published values for LV-RVI and RV-LVI derived from animal models are comparable to those derived in human hearts. In addition, results of our experiments with diseased hearts are consistent with those of previously published reports that link systolic ventricular interaction with septal elastance. More specifically, in hearts with DCM RV function is approximately three times more dependent on LV function than is demonstrated for normal hearts.
